/ channel antagonist tetrodotoxin (TTX). At of Na / current heterogeneity in rat nodose neurons and its impact one end of the spectrum are rapidly inactivating Na / currents on neuronal discharge. J. Neurophysiol. 78: 3198-3209, 1997. completely blocked by submicromolar concentrations of This paper is a combined experimental and modeling study of two TTX (TTX-sensitive, TTX-S). At the other end of the specfundamental questions surrounding the functional characteristics trum are slowly inactivating Na / currents only partially Here, we recorded the whole cell Na / currents in acutely dissoci-the discharge profiles for sensory neurons with both TTX-S ated rat nodose sensory neurons using the patch-clamp technique. and TTX-R Na / currents are heterogeneous, ranging from Two general populations of neurons were observed. A-type neurons single or very few action potentials through to sustained (TTX-R) Na / current. The TTX-S currents in both cell types
tive (TTX-S) Na
/ current. C-type neurons (n Å 87) coexpressed and Duchen 1994; Rizzo et al. 1994 ; Stansfeld and Wallis this TTX-S current along with a slowly inactivating TTX-resistant 1985; Villiere and McLachlan 1996) .
(TTX-R) Na / current. The TTX-S currents in both cell types
The role of the low threshold TTX-S Na / current in the had submillisecond rates of activation at room temperature with thresholds near 050 mV. The TTX-R current exhibited about the genesis of an action potential (threshold, upstroke velocity, same rates of activation but required potentials 20-30 mV more peak voltage, etc.) has long been described (Hassard 1978) . depolarized to reach threshold. Over the same clamp voltages the Although the voltage-and time-dependent properties of the rates of inactivation for the TTX-R current were three to nine times TTX-R Na / current have been well described, relatively slower than those for the TTX-S current. However, the TTX-R little else is known regarding its role in neural activity (Yocurrent recovered from complete inactivation at a rate 10-20 times shida 1994). Inflammatory agents that activate sensory fibers faster than the TTX-S current (10 ms as compared with in vivo can also rapidly modulate the TTX-R Na / current, ms). Across the population of neurons studied the TTX-S data giving rise to the suggestion that TTX-R may be an imformed a relatively tight statistical distribution, exhibiting low standard deviations across all measured voltage-and time-dependent portant regulator of nociceptor sensitivity (Akopian et al.
properties. In contrast, the same pooled measurements on the TTX-1996; Gold et al. 1996) . However, it is not fully appreciated R data exhibited standard deviations that were 3-10 times larger. in what manner the TTX-R Na / current may impact neuThe statistical profiles of the voltage-and time-dependent proper-ronal discharge. Furthermore, the functional role(s) for multies of these currents then were used as a physiological guide to tiple inward Na / currents in a single sensory neuron, each adjust the relevant parameters of a mathematical model of nodose with distinctly different voltage-and time-dependent propersensory neurons previously developed by our group (Schild et al. ties and the manner in which each shapes neuronal discharge 1994). Here, we show how the relative expression of TTX-S and are not well understood.
TTX-R Na
/ currents and the differences in their apparent biological variability can shape the regenerative discharge characteristics Here, we study the TTX-S and TTX-R Na / currents in and action potential waveshapes of sensory neurons. We propose acutely isolated rat nodose neurons using the patch-clamp that the spectrum of variability robust reactivation characteristics technique. In addition to characterizing voltage-and timeof the TTX-R current are important determinants in establishing dependent properties, these experiments quantify the populathe heterogeneous stimulus-response characteristics often observed tional homogeneity for these distinct classes of Na / currents.
across the general population of C-type sensory neurons.
The TTX-S current data formed a relatively narrow statistical distribution, i.e., low standard deviations across all measured voltage-and time-dependent properties. In contrast, the same I N T R O D U C T I O N measurements on TTX-R current data were markedly heterogeneous, exhibiting standard deviations that were 3-10 Sensory neurons exhibit a broad spectrum of functionally times broader. These current and statistical data then were distinct Na / currents (Caffrey et al. 1992 ; Nowycky 1992; used as a physiological guide in adjusting parameters for the Ogata and Tatebayashi 1993; Yoshida 1994 ). Na / current Na / current expressions in a membrane model of nodose classification most often is based upon voltage-and timedependent properties and a relative sensitivity to the potent neurons previously developed by our group (Schild et al.
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were low-pass filtered (8 kHz, 4th order Bessel) and digitized (10 1994). Numerically, we assess the impact the relative bits at 25 kHz) with the pClamp acquisition system (V5.5, Axon strength of the TTX-S and TTX-R Na / currents can have Instruments). All recordings were performed at room temperature upon neuronal discharge characteristics. Furthermore, we (21-23ЊC) .
demonstrate that across a population of cells, the heterogeneity of the TTX-R Na / current, or neuromodulation of its Recording solutions voltage-dependent properties can give rise to a broad spectrum of firing properties and action potential waveshapes.
The Na
/ solutions were similar to those of (Ikeda et al. 1986 ). The extracellular solution was (in mM) 50.0 NaCl, 10.0 MgCl 2 , 10.0 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES),
25.0 dextrose, and nominally Ca /2 free (1-10 mM). The pH was adjusted to 7.4 using NaOH, which increased extracellular Na / to
Neuron dissociation É57 mM. The pipette solution was (in mM) 7.0 NaF, 140.0 NThe nodose ganglia of 1-to 3-day-old rat pups were excised methyl-D-glucamine, 2.0 tetraethylammonium-Cl, 2.0 MgCl 2 , 10.0 surgically and immediately placed in chilled (5-10ЊC) nodose HEPES, 1.0 CaCl 2 , and 11.0 ethylene glycol-bis(b-aminoethyl complete media (NCM) consisting of Dulbecco's Modified En-ether)-N,N,N,N-tetraacetic acid for buffering intracellular Ca /2 gle's (DME)-F12 (Gibco BRL), 5% fetal bovine serum to É10 08 M. The pH was adjusted to 7.3 using either HF or (Hyclone), 1% of a 1% stock of penicillin-streptomycin and 8 piperazine-N,N-bis(2-ethanesulfonic acid). Osmolarities of the ng/ml nerve growth factor (Gibco), and 0.1% serum extender extracellular and pipette solutions were adjusted using either su-(Collaborative Research). After the extraction of 6-10 ganglia, crose or mannitol to 340 and 310, respectively. In some experithe NCM was replaced by Earl's balanced salt solution (Gibco ments, a perforated patch (nystatin, 258 units/ml) was used to BRL) containing 0.5 mM ethylenediaminetetraacetic acid (EDTA), assess the time course of Na / current rundown that may occur 1.5 mM CaCl 2 , 5 mg/ml trypsin, and 0.2 mg/ml L-cysteine when using a ruptured patch (see RESULTS ). Solution exchanges (Sigma). After 30 min at 37ЊC, the trypsin solution was replaced were performed using a gravity feed multibarrel pipette (É1 ml/ with 37ЊC NCM containing 1.5 mg/ml each of trypsin inhibitor min). For each day's experiments, the TTX was diluted to 1-100 and albumin (Sigma). The ganglia were dispersed mechanically mM from a 1 mM stock maintained at 4ЊC. with aspiration pipettes and plated onto poly-D-lysine-coated sub-A central objective of our experimental recordings was to replistrates (Sigma, 10 mg/200 ml aqueous solution). The neurons cate as closely as possible the experimental conditions of Ikeda et. were incubated in a 5% CO 2 -95% air, high humidity environment al (1986) , who previously characterized the TTX-S and TTX-R at 37ЊC for a minimum of 2 but not more than 10 h before re-Na / currents in nodose sensory neurons. These authors did not cording. In a small number of experiments (n Å 5), nodose neurons account for the liquid junction potential in their measurements. In from 22-to 33-day-old rats also were studied. The dissociation order that a direct and quantitative comparisons of data be possible, procedure was similar except the intact ganglia were immersed in we also did not correct for the liquid junction potential when reEarl's containing 1 mg/ml Type IIA collagenase (Sigma) and 30 porting our pooled measurements. However, for the model to pro-U/ml papain (Sigma) for a period of 60 min at 37ЊC.
duce action potentials at physiologically appropriate threshold voltages, it was necessary to offset the data values by 010 mV, an amount close to the liquid junction potential for our recording
Electrophysiological techniques
solutions. The Na / currents were acquired with the patch-clamp technique (8161 glass, 1-2 MV in normal saline) and a List EPC-7 voltage-Numerical analysis and simulations clamp amplifier. The reference electrode was a low-resistance AgThe voltage-dependent activation and inactivation characteristics AgCl plug connected to the bath through a 150 mM KCl agar of the Na / current records were analyzed using Hodgkin-Huxley bridge. The electrode offset voltage and the liquid junction potentype steady-state gating functions m V and h V , respectively. Steadytial were compensated manually (see further text). After the formastate characteristics were calculated from the current records using tion of a gigaseal, the pipette capacitance also was nulled. Memeither a normalized Goldman-Hodgkin-Katz current equation or brane rupture provided electrical access to the cell's interior. The chord conductance. Both exhibited a sigmoidal voltage dependency adequacy of internal perfusion was monitored by successive voltdescribed by age clamp steps to membrane potentials above the threshold for the major outward K / currents in nodose neurons (Schild et al.
1994). The peak outward current steadily decayed as the intracellular medium equilibrated with the 0 mM K / pipette solution. Generally, within 30-60 s from gaining intracellular access, the outward currents disappeared. The protocols then were performed in rapid where V 1/2 is the membrane potential at half-activation and S 1/2 is succession. The voltage-clamp recordings consisted of a currentthe reciprocal of the slope of the gating curve measured at V 1/2 . voltage (I-V ) profile followed by a brief (2-3 min) test protocol Time constants for both variables exhibited a putative Gaussian (see RESULTS ) and then a repeat I-V profile. To ensure the data voltage dependency were not influenced by Na / current run-down, only those cells exhibiting consistent pre-and posttest I-V characteristics were in-
cluded in the final analysis. The activation protocol consisted of voltage-clamp steps from a holding potential of 0100-30 mV in where A scales the peak amplitude, B scales the functions width, V peak is the membrane potential at which t m equals A, and C is an 10-mV increments. Each clamp step was 40 ms in duration and applied once every 3 s. The inactivation protocol consisted of a offset parameter. A nonlinear least-squares parameter estimation algorithm was employed to obtain good numerical fits to the 3-s conditioning pulse over a range of 0100 -10 mV in 10-mV increments. This was followed immediately by a voltage step from activation, inactivation, reactivation, and time constant data ( Schild et al. 1994 ) . A parameter set was considered acceptable the conditioning potential to a membrane voltage corresponding to the peak I-V for that cell. Additional details on the recording proto-if the relative error, the normalized difference between a measured data point and that calculated using the modeling equations, was cols for each test are in the corresponding figure legends. The data õ1%. The parameter estimation routine assumes convergence when all free parameters in the equation set change by an amount õ0.001%. For all data presented, error bars indicate 1 SD from the mean.
These parameters were used to update a membrane model of nodose neurons previously developed by our group ( Schild et al. 1994 ) . The ensuing numerical simulations had three main objectives. First, to further refine the parameter identification for the equations describing the TTX-S and TTX-R voltage-clamp data. Second, to study the individual roles of the TTX-S and TTX-R Na / currents in action potential generation. Third, to assess the impact of the measured statistical spread in the voltageand time-dependent properties of the TTX-S and TTX-R Na / currents upon the capacity for regenerative discharge in nodose sensory neurons. The calculation of each model frequency data point was performed at the end of a 10-s simulation run, which is several times longer than the slowest system time constant. Details concerning the original model formulation and the primary data used in its development can be found elsewhere ( Schild et al. 1994) .
R E S U L T S

General observations
The Na / currents from 107 nodose neurons formed two distinct populations. TTX-R Na / current have unmyelinated or lightly myelinated fibers (Stansfeld and Wallis 1985) . Acutely isolated A-type Na / current components from the whole cell record (note neurons tended to have larger diameters than C-type cells outward directed traces, Fig. 1A , inset). (29.7 { 8.1 mm, range: 22-50 mm, n Å 15 vs. 24.7 { 7.6
In sharp contrast to the I TTX-S , the TTX-R current mm, range: 12-45 mm, n Å 61, P õ 0.025).
(I TTX-R ) had an I-V profile that was shifted 20-30 mV toward more depolarized potentials and a slower rate of inactivation Current-voltage characteristics (Fig. 2) . No partial block of this slow Na / current was observed even at high concentrations of TTX (50-100 mM).
Under voltage clamp, the TTX-S current (I TTX-S ) in A-
The TTX-R current was blocked in a graded fashion by type neurons (Fig. 1A) exhibited a transient response that increasing concentrations of Zn /2 (Fig. 2B ). An EC 50 of was typical of the large, fast inward Na / current in sensory É400 mM agrees with the relatively low divalent sensitivity neurons (Bossu and Feltz 1984; Caffrey et al. 1992 ; Ikeda exhibited by TTX-R currents in nodose sensory neurons et al. 1986). The current rapidly activated at membrane (Ikeda and Schofield 1987) . The TTX-R current also was potentials greater than 050 mV. Above É0 mV the current studied with acutely isolated juvenile nodose neurons (n Å followed an ohmic reduction in peak magnitude as the clamp 5, 27-33 days old). No significant difference was noted voltage approached the Na / reversal potential (E Na Å 053 between the voltage-and time-dependent properties of the mV). The whole cell current was blocked by submicromolar TTX-R Na / currents in neonatal and juvenile rat (Fig. 2C TTX, which was reversible even at high concentrations (Fig. and inset in Fig. 2A ). Thus as in other sensory neurons, 1B). The TTX-S component of the total inward Na / current postnatal ontogenic development appears to not significantly for C-type neurons (Fig. 1A, inset) was similar to the alter Na / channel voltage-and time-dependent properties I TTX-S in the A-type cells. Although the TTX-S current comas is often the case with channel expression (Ogata and ponent in C-type cells was typically smaller than that in ATatebayashi 1992). type cells the normalized current-voltage (I-V ) relationships of the two Na / currents were nearly indistinguishable (Fig.  1C) . However, we would caution against undue speculation Variability in activation and inactivation properties that the I TTX-S in A-and C-type neurons arise from the same class of Na / ion channel. This is because linear subtraction The steady-state activation and inactivation of both the TTX-S and TTX-R currents were well described by the often cannot adequately separate the TTX-S and TTX-R TTX-R NA / CURRENTS AND NEURONAL DISCHARGE 3201 gions) was strikingly different even though the m V (V) and h V (V) functions for all data sets were fit numerically to the same level of precision. The pool of activation and inactivation gating functions for the TTX-R data set spanned a substantially broader range of voltages than for the I TTX-S . Indeed, the coefficient of variation (CV) for the pooled V 1/2 activation and inactivation voltages for the TTX-R data was 14 and 6 times greater, respectively, than the same measures using the TTX-S data (Table 1) . Interestingly, the CVs for all other measures from the data were approximately the same for both Na / currents with the exception of the pooled TTX-R inactivation time constant, which had a CV that was nearly twice that of the TTX-S data.
Shift of inactivation
During prolonged patch recording, the voltage-dependent inactivation of Na / currents paradoxically shifts toward more hyperpolarized values (Fig. 4, worst case examples) . Although others have observed this phenomena, its underlying mechanisms are unknown. However, the shift may be indicative of rundown of a modulated system, possibly through a loss by dialysis of critical but as yet unidentified intracellular factor(s). Often, we observed a shift of Ç10-15 mV within 10 min of going whole cell. The magnitude of the h V (V) shift was about the same for both the TTX-S (Fig. 1A) . Inset: TTX-R I TTX-R recorded from a juvenile (33-day-old) rat using the same voltageclamp protocol. B: normalized current-voltage characteristics for an example TTX-R current blocked by extracellular perfusion with Zn 2/ . When extracellular Na / was replaced with an equimolar concentration of Nmethyl-D-glucamine, the entire Na / current was eliminated. C: averaged and normalized current-voltage characteristics of the TTX-R current from neonatal rats (, n Å 20) was similar to the TTX-R current data from a juvenile rat (ᮀ) presented in A. m V (V ) and h V (V ) functions, respectively ( Fig. 3 and Table  1 ). Average (n Å 10) V 1/2 and S 1/2 values for the I TTX-S m V (V) were 031.62 { 0.99 and 06.98 { 1.39, respectively. The TTX-S current began inactivating around 090 mV and was inactivated completely by 030 mV. Average (n Å 10) V 1/2 and S 1/2 for h V (V) were 065.99 { 2.4 and 5.97 { 0.81, respectively. The steady-state activation window [i.e., the area of overlap of the m V (V) and h V (V) curves] for I TTX-S was õ20 mV wide and never exceeded a peak level of 0.05 (Fig.  3A) . In contrast, I TTX-R activated at much more depolarized potentials, requiring membrane voltages in excess of /20 mV to reach full activation. Average (n Å 20) V 1/2 and S 1/2 for m V (V) were 011.29 { 4.62 and 05.54 { 1.10, respectively. The TTX-R current began inactivating around 060 mV and was inactivated completely by 0 mV. Average (n Å 10) V 1/2 and S 1/2 for h V (V) were 031.00 { 6.4 and 5.20 { (Fig. 3B) . The activation window for TTX-S and TTX-R Na / currents from A-and C-type neurons, respectively.
I TTX-R was considerably larger than that for TTX-S, spanning Mean data values were calculated using a normalized chord conductance. nearly 40 mV with a typical peak magnitude of 0.2. Voltage Calculations of normalized permeability using the Goldman-Hodgkin-Katz current equation produced similar results (not shown). Boltzmann curves steps within this prominent activation window evoke a are best fits to the mean TTX-S (n Å 10) and TTX-R (n Å 20) data sustained (i.e. noninactivating) TTX-R Na / current ( Fig. using the parameters listed in Table 1 . For both panels, the shaded regions 2A, 020 mV current trace).
demarcate the span of the Boltzmann curves across the entire data set.
The degree of homogeneity in the steady-state characteris-Relative least-squares error for a numerical fit to any single record was õ1%.
tics of the TTX-S and TTX-R currents (Fig. 3 , shaded re-
11-14-97 08:08:31 neupa LP-Neurophys Values are means { SD. n Å 10 for tetrodotoxin-sensitive (TTX-S) currents and 20 for tetrodotoxin-resistant (TTX-R) currents.
significant changes were detected in the S 1/2 values or decay Although we assume a Gaussian distribution of time constants, those to the left of (more hyperpolarized relative to) characteristics of both currents. Perforated patch recording slows the onset of the time-dependent shift, but the V 1/2 of peak values are model projections. Protocols for assessing Na / ion channel activity subthreshold to whole cell current h V (V) eventually reaches the same hyperpolarized potential as observed in the dialyzed cells (Fig. 4) . Because the voltage activation were not performed. However, both our measured and model projected time constant values are well within the dependence of Na / channel gating is quite steep (Fig. 3) , such a shift dramatically limits the recruitment of whole cell range of voltage-dependent values reported in the literature (Elliott and Elliott 1993; Ikeda et al. 1986 ; Ogata and TateNa / current (I Na ). As a technical measure toward reducing the influence this may have on our results, we analyzed only bayashi 1993). Our modeling results (see further text) indicate that during the course of an action potential, the TTXthose data collected within the first 2-3 min of going whole cell and only when consistent control records before and R current significantly lags behind the TTX-S current transient. On account of its relatively depolarized steady-state after a test protocol were observed.
characteristics and large activation window, this lag results in a substantial TTX-R inward Na / current over the majority Time course of activation and inactivation of the downward phase of the spike trajectory. Our numerical On average, the I TTX-S activated about twice as fast as the I TTX-R but the distribution of activation time constants (t m ) for both currents overlapped (Fig. 5, Table 1 ). The pooled inactivation time constants (t h ) for both currents were significantly different (P õ 0.01). Beyond approximately 020 mV, the average t h for I TTX-R was anywhere from three to nine times larger than that for the TTX-S current. Even at different membrane potentials but where the normalized activation and inactivation levels were the same (compare Figs. 3 and 5) , the time course of the TTX-R current was always slower and considerably more variable than that of the TTX-S current. FIG . 4. Time-dependent shift of stead-state inactivation (extreme examples). Although the cells were held at 0100 mV the steady-state inactivation characteristics of the TTX-S current (curves labeled h V TTX-S ) exhibited a FIG . 5. Time constants for the TTX-S (A) and TTX-R (B) currents. shift of about 015 mV within 5-10 min of going whole cell. ᭺ and q, Curves are best fits to the mean activation (t m , ) and inactivation (t h , q) inactivation protocols performed at 2 and 5 min, respectively, after going time constant data measured directly from the current records. TTX-S time whole cell. This same phenomena is also apparent in the TTX-R inactivation constant parameters are t m : A Å 1.15, B Å 0.06, V peak Å 040.0, and C Å curves (curves labeled h V TTX-R ). Here, 2 different neurons are shown, 1 using 0.21 and t h : A Å 18.0, B Å 0.043, V peak Å 062.5, and C Å 1.35. TTX-R the whole cell (᭝ and ᭡ ) and the other perforated patch (᭺ and q ) recording time constant parameters are t m : A Å 1.45, B Å 0.058, V peak Å 014.5, and configurations. A shift of about the same magnitude occurs in both cells C Å 0.26 and t h : A Å 10.75, B Å 0.067, V peak Å 013.5, and C Å 3.15. but over a somewhat slower time course when using the perforated patch Distribution of time constants more hyperpolarized than peak responses are technique. During the time course of the shift, no significant change was model projections (see text). }, typical range of resting membrane potentials for these neurons; *, SD that exceeds the bounds of the ordinate. observed in the slope factors of the computed h V (V) functions ( ).
TTX-R NA / CURRENTS AND NEURONAL DISCHARGE 3203 simulations will demonstrate how this effect and the extensive variability associated with the TTX-R current (Figs. 3B and 5B) can alter dramatically the action potential wave shape and maximum discharge rate of C-type sensory neurons.
Recovery aspects
The time-dependent recovery characteristics of the TTX-S and TTX-R currents in A-and C-type cells, respectively, were investigated using a paired pulse protocol (Fig. 6) . From a holding voltage of 0100 mV, a pair of voltage-clamp steps were applied to the cell. Both steps had the same amplitude of either 020 or 0 mV, which are close to the peak of the I-V relationship for the TTX-S and TTX-R currents, respectively ( Figs. 1 and 2) . The steps were 40 ms in dura-
FIG . 7. Normalized peak Na
/ current in A-type (TTX-S, shaded column) and C-type (TTX-S and TTX-R, dark columns) nodose neurons from tion, sufficient for complete inactivation of even the slower 1-to 3-day-old rats. TTX-S current records from the C-type neurons were TTX-R current (see Fig. 2 ). The pair of steps were separated calculated as the difference between the responses before and after the by an interval ranging from 1 to 1,000 ms, which was re-application of 10 mM TTX. TTX-S component of the C-type cells was generally smaller than its TTX-R counterpart (P õ 0.05) and rarely larger than the TTX-S current in A-type neurons (P õ 0.025). As the subtraction procedure is less than optimal (see inset, Fig. 1A , and text), the normalized C-type TTX-S current should be considered only as an approximation. peated once every 3,000 ms. Both Na / currents exhibited slow and fast components of recovery that could not be satisfactorily described by first through third-order exponential functions (Fig. 6) . The time constants of the slow recovery component for both currents were on the order of several hundred milliseconds, requiring 1,000-2,000 ms for both currents to return to control magnitudes. However, this slower component of recovery accounted for no more than 5-10% of the peak magnitude of either current. For both the TTX-S and TTX-R currents, the vast majority of recovery occurred shortly after the initial control pulse. However, the rates of recovery for the two currents were significantly different. The TTX-S current required Ç150 ms to return to within 80% of control magnitude (Fig. 6A) . In contrast, the TTX-R recovered from complete inactivation almost immediately, requiring only a few milliseconds to return to within 80% of control levels (Fig. 6B) . Such a complex recovery trajectory has been observed in both nodose and dorsal root ganglia (DRG) sensory neurons but the underlying mechanisms are unknown (Bossu and Feltz 1984; Ogata and Tatebayashi 1993) .
Peak Na / current
Capacitance normalized peak magnitudes of the I TTX-S in A-type and the I TTX-R in C-type neonatal nodose neurons were approximately equal (Fig. 7) . The TTX-S current pres-FIG . 6. Reactivation characteristics of TTX-S and TTX-R currents in ent in A-type cells was generally larger than the TTX-S Na / A-and C-type neurons, respectively. Membrane potentials for the control current in C-type neurons (P õ 0.025). Although the data and test voltage-clamp pulses were selected to elicit a peak current response varied considerably, the I TTX-S in the C-type cells was typifrom the particular cell under test. Generally, 020 and 0 mV for the TTXcally smaller than its TTX-R counterpart (P õ 0.05). The S and TTX-R Na / currents, respectively (see Figs. 1 and 2 ). Time between paired pulses (DT ) was varied as the cell was held at 0100 mV. Pulse variability in peak current magnitude is not surprising given pairs were applied once every 3 s. Averaged data points ( ) represent the the number of factors that are known to influence Na / chanpercent ratio of the peak current produced by the test and control pulses nel density, such as the age of the animal, the enzymatic for the TTX-S (A, n Å 4) and the TTX-R (B, n Å 8) Na / currents. q (B), dispersion methodologies, and even the relatively brief time data from a single neuron where analogue compensation was sufficient to permit brief values of DT. Insets: example current records.
in the culturing chamber (2-10 h).
J416-7 / 9k22$$de41
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Model exploration of TTX-R function
Region 1 is termed stable. Here, stimulation elicits either a subthreshold response (unshaded region, Fig. 9 ) or a single Our experimental recordings document the marked differ-action potential that recovers to a stationary membrane poences between both the average and the statistical distribu-tential. tion of the voltage-and time-dependent properties of the Region 2 is termed unstable-periodic. Here, the firing pat-TTX-S and TTX-R currents. These data raise two essential tern exhibited by the model neuron is occasionally irregular, questions regarding the functional aspects of TTX-S and such as eliciting a short burst of action potentials for 1-2 s TTX-R currents in sensory neurons. First, in what manner before terminating (e.g., Fig. 11, inset 1) . As the proportion does each current contribute to the action potential threshold, of the total whole cell Na / current (I Na ) that is TTX-R wave shape and regenerative discharge characteristics of moves away from 100%, both the minimum step current sensory neurons? Second, what functional impact can the required for repetitive discharge and the minimum sustainbroad distribution of voltage-and time-dependent properties able IFF decrease. This occurs because of the increasing of the TTX-R current have upon a C-type neuron's capacity contribution of the TTX-S current, which has an activation for repetitive discharge? These questions cannot be easily threshold well below that of the TTX-R current and closer answered experimentally. At a minimum, this would require to the 050 to 060 mV resting potential of these cells (Figs. extensive changes in both the extracellular and pipette solu-1-3). An abrupt firing threshold followed by a region of tions to perform a suite of electrophysiological investigations high gain that spans regions 1 and 2 are nonlinear characterof whole cell Na / current dynamics and action potential istics of the Hodgkin-Huxley formulations (Hassard 1978) . discharge properties in the same cell. As a result, we have As the stimulus intensity increases, the IFF of the model turned to mathematical modeling to explore the potential neuron increases but in an irregular manner and only over impact these biophysical characteristics may have upon sen-a limited range of frequencies. The irregular IFF is a consesory neuron function. Here, we used a comprehensive mathe-quence of the complex interplay between the multiple outmatical model of A-and C-type sensory neurons previously ward K / currents present in these neurons and the slowly developed by our group (Schild et al. 1994) . Parameter sets inactivating TTX-R Na / current. This effect was most promwere identified for the two Na / currents using both the mean inent when the majority of the I Na was composed of the population data (Figs. 3 and 5 ) and individual TTX-S and TTX-R current. For example, neurons with a Na / channel TTX-R current records (Fig. 8) . The remaining modeling distribution that is between 80 and 100% TTX-R require parameters were either identical to the original work or noted in the figure legends.
Relative magnitudes of TTX-R and TTX-S currents
For our numerical simulations, adjustments in peak Na / current magnitude were made in terms of the relative number of TTX-R to TTX-S Na / channels, henceforth referred to as TTX-R/TTX-S. The conductance and density of TTX-R and TTX-S Na / channels in nodose sensory neurons presently are unknown. A reasonable estimate of Na / channel density about the soma of mature rat DRG neurons is Ç100-150/mm 2 with TTX-R and TTX-S single channel conductances of 3.4 and 6.3 pS, respectively (Caffrey et al. 1992; Roy et al. 1994) . Here, we vary the relative number of 3.4 pS TTX-R and 6.3 pS TTX-S Na / channels between 0 and 100 so that the total combined channel density always equals 100/mm 2 . The TTX-S and TTX-R currents were simulated using the mean V 1/2 , S 1/2 , and time-constant values calculated from the data (Figs. 3 and 5 and Table 1 ). For all simulations presented, all remaining modeling parameters were held constant. For each TTX-R/TTX-S the C-type model neuron was driven by a series of 0-1,500 pA current steps for 10 s, at the end of which the instantaneous firing FIG . 8. Numerical reconstruction of TTX-S and TTX-R Na / currents. Selected TTX-S and TTX-R current records from A-and C-type cells, frequency (IFF, reciprocal of the time between two succesrespectively, were reproduced using the parameter estimation routine (see sive action potentials) was calculated. METHODS ). Identified parameters then were used in a model of these nodose sensory neurons (Schild et al. 1994) to predict the firing properties of these at low stimulus intensities (Fig. 9 ). There are four general and C Å 0.395 and for inactivation: V 1/2 Å 028.39, S 1/2 Å 5.2, A Å 14.75, areas of interest within this near threshold region that exhibit B Å 0.05, V peak Å 018.5, and C Å 2.25. Maximum TTX-R whole cell conductance is gV Na,s Å 25 nS. disparate patterns and rates of action potential discharge.
TTX-R/TTX-S and firing threshold
11-14-97 08:08:31 neupa LP-Neurophys TTX-R NA / CURRENTS AND NEURONAL DISCHARGE 3205 mum sustainable IFF is strongly dependent upon the proportion of TTX-S in the I Na . For a 500-pA step current, a Ctype neuron with a 100% TTX-R I Na discharges at 10 Hz, whereas exactly the same model cell but with a 100% TTX-S I Na discharges at nearly 40 Hz. When the number of TTX-R channels falls below Ç50% of the total the C-type model neuron becomes autoactive (region 4). Again, this is because the activation window for I TTX-S lies very close to the resting membrane potential of these cells (Fig. 5A, }) . The resting TTX-S Na / current is large enough to initiate and sustain oscillations, i.e., spontaneous discharge, with an IFF that parallels an increasing contribution of the TTX-S current. This emergence of spontaneous activity at low TTX-R/TTX-S is consistent with experimental evidence, suggesting that neuronal hyperexcitability may be the result of a selective loss of TTX-R channels accompanied by a simultaneous increase in the number of TTX-S channels (Rizzo et al. 1995) .
TTX-R/TTX-S variability and neural discharge
Our experimental results have quantified the statistical boundaries for a broad range of voltage-and time-dependent properties associated with the whole cell TTX-R and TTX-S Na / currents (Figs. 3-7, Table 1 ). The C-type neuron was modeled with a maximum of 100 Na / channels/ mm 2 . Number of TTX-R Na / channels was varied inversely relative to the slightly higher TTX-S Na / channel density of 140 channels/ number of TTX-S channels so that total channel density was always was equal mm 2 to replicate the rapid upstroke velocity in A-type action to 100/mm decreasing peak I Na . Adjustments of {1 SD to the V 1/2 values for the m V (V) and h V (V) functions were rather unremarkable. There was a modest broadening of the near threshold region (°100 pA) but the reminder of the current-frequency relationship essentially scaled up or down depending upon whether the V 1/2 values were shifted in a hyperpolarizing or depolarizing direction, respectively. C-TYPE MODEL NEURON.
The simulation protocols summarized in Fig. 9 were repeated but with {1 SD adjustments to the V 1/2 values for the TTX-R current. The results defined a parametric volume outlining an activity manifold for the C-type model sensory neuron (shown here as a 2-D plot, Fig. 11 ). The IFF corresponding to the mean V 1/2 values (solid black trace, Fig. 11 ) follows the same trajectory as the dotted trace in Fig. 9 . With an increasing suprathreshold step current, the C-type neuron asymptotically approaches a maximum 28 Hz IFF. Beyond this peak, the IFF begins to decrease even in the face of increasing stimulus current much in the same manner and for much the same reasons as the A-type model (Fig. 10) . Shifting only the V 1/2 of the TTX-R m V (V) and h V (V) functions by {1 SD had essentially no effect on threshold. Likewise, the current-frequency relationship and patterns of C-type action potential activity over the lower stimulus intensities (0-600 pA) were unchanged across the {1 SD parameter adjustments (mean and {1 SD traces overlap and see Fig. 11, inset 2) . This lack of an effect on threshold and discharge is not surprising given the relatively depolarized activation characteristics of the I TTX-R (Fig. 3B) . Furthermore, the high action potential peak re-FIG . 11. Impact of measured variations in the voltage dependence of cruits a large net outward K / current, producing deep AHPs the TTX-R Na / current activation and inactivation (Fig. 3 ) upon the Cthat, in turn, enabled I TTX-S to recover partially from inactiva-type model neuron discharge. V 1/2 values for the m V (V) and h V (V) functions were varied by {1 SD about their mean (Table 1) . Here, gV TTX-S Å 0.43 mS and gV TTX-R Å 0.43 mS, which corresponds to Fig. 9 (Dotted trace; see text). All other model equations and parameters are identical to those used in Fig. 9 . Shaded region outlines the current-frequency relationship when both the TTX-R and the TTX-S gating functions were adjusted by {1 SD (Table 1) . Vertical calibration, 080 mV for the action potential traces and 03 nA for the current traces; Dotted trace, 0 mV potential. Horizontal calibration is 200 ms or indicated with each trace. tion. As a result, for the particular TTX-R/TTX-S examined here and only over these lower stimulus intensities the TTX-S current was responsible for setting discharge threshold and to a large extent the current-frequency relationship of the C-type cell. Even though the TTX-S current is much smaller than its TTX-R counterpart, it activates at lower membrane potentials and accelerates membrane depolarization toward the activation window of the TTX-R current (Fig. 11, inset  1) . When both the TTX-R and TTX-S gating functions were shifted, there was a modest but functionally significant change in discharge characteristics ( note shaded region, FIG . 10. Impact of measured variations in the voltage dependence of Fig 11 ) similar to that observed in the A-type model the TTX-S Na / current activation and inactivation (Fig. 3) upon the Amodel neuron discharge. V 1/2 values for the m V (V) and h V (V) functions were ( Fig. 10 ) .
varied by {1 SD about their mean (Table 1) . Maximum whole cell TTX-S It is important to note that this lack of effect upon threshNa / conductance (gV TTXS ) for the A-type neuron was 2.5 mS. All other old and the entire current-frequency relationship is strongly modeling equations and parameters were the same as those presented in dependent upon the TTX-R/TTX-S. To just initiate repeti- Schild et al. (1994) with the exception of the following differences in maximum whole cell conductances (in nS): gV K Å 27.5, gV K,Ca Å 42.5, gV A Å tive discharge in a neuron with a mix of 90% TTX-R and 350.0, gV D Å 400.0, gV Ca,t Å 0.1, gV Ca,n Å 1.0, gV Ca,b Å 0.085, and gV Na,b Å 1.0. 10% TTX-S channels, a minimum step current of 0.2 nA is Vertical calibration bars correspond to 080 mV and 012 nA for action required at 01 SD, whereas at /1 SD, the same model cell potential traces and I TTX-S records, respectively. Dotted trace, 0 mV potential requires Ç1.0 nA. Thus for cells with greater than Ç80-for all action potential traces that were captured at the end of a 10-s simulation. Horizontal calibration is 100 ms. tude (Table 1) . Equally as plausible is that functionally ing. Our modeling results appear to support this conclusion as we have shown that the TTX-R Na / current can maintain related TTX-R Na / channels express a relatively homogeneous molecular structure but that these channels are under an active and potentially dominant role in C-type neural discharge in the presence of strong depolarizing stimuli. extensive neuromodulatory control. This is consistent with the experimental evidence documenting the several millivolt Considering its broad range of voltage-and time-dependent properties (Figs. 3 and 5) , nearly instantaneous recovery G-protein-mediated shifts in the voltage-dependence of Na
